In x Ga 1−x N / GaN light-emitting diode structures with a high In concentration may lose all optical output after capping the active region with a p-type GaN layer. Transmission electron microscopy has been applied to determine the microstructural changes that occur in the quantum-well (QW) region during this capping process. The loss of the optical output is related to a clustering of In into metallic In platelets in the QW region. The properties of these In platelets are described and a formation model is proposed.
no satellite reflections related to the artificial superstructure can be retrieved, 8 indicating that the QW structure has disappeared. In this letter, we compare the structure and the microstructure of uncapped and capped material by transmission electron microscopy (TEM) and propose a mechanism for the MQW distortion in the latter.
In x Ga 1−x N / GaN MQWs, consisting of 5 In x Ga 1−x N QWs, have been grown on (0001) sapphire in a 3 ϫ 2 in. close coupled showerhead MOVPE reactor. NH 3 , TMGa, and trimethylindium (TMIn) were used as precursors, N 2 was used as the carrier gas. The general sample structure consists of a 25 nm thick low-temperature buffer layer, 1.4 m undoped GaN, 1.5-2.0 m GaN:Si (both grown at 1060°C), the active region and, in some samples, a GaN:Mg cap layer (grown at 1040°C). The active region of the samples studied were all grown with a TMIn/ ͑TmIn + TMGa͒ ratio of 0.5, the temperature (the same for the InGaN QWs and the GaN barriers) was varied from 660°C to 680°C and the pressure was 300 Torr. In a few samples, growth interruptions of 5 and 10 s after InGaN growth have been used. InGaN layers are typically 4 -5 nm thick, GaN buffer layers 8 -10 nm. Samples have been characterized by TEM techniques, HR-XRD, and RT-PL. The local In concentration, determined by TEM, has been calculated starting from the local lattice strain using the linear elasticity theory and assuming that Végard's law is valid for In x Ga 1−x N. The lattice parameters and elastic coefficients, for GaN and InN, have been taken from Refs. 9 and 10, respectively. The large error bars obtained with this technique are due to the fact that the relaxation in TEM samples, as thin as few tens of nanometers, is unknown. The lattice strain has been evaluated with the DALI software package. 11 Electronbeam irradiation at 200 kV inside the electron microscope is known to introduce clustering in the InGaN after a few minutes. 12 This effect has also been observed in our samples. Therefore, special care has been taken in order to work with minimum exposure. The clustering reported here is therefore intrinsic, not induced by the electron beam.
Samples grown at 660°C, without growth interruption, systematically turn black purple during/after the p-type capping. The same effect occurs during thermal annealing in a N 2 or NH 3 ambient, indicating that the raise in temperature is a)
Author to whom correspondence should be addressed; electronic mail: benny.vandaele@ua.ac.be b) responsible for this transformation. Comparison with the uncapped (nonannealed) samples shows a total loss of the RT-PL output; HR-XRD no longer detects the QW structure. TEM shows that the uncapped sample has strongly inhomogeneous InGaN layers. It can be seen as build up out of many small ͑Ͻfew nm͒ In-rich InGaN quantum dots (QDs) embedded in an In-poor InGaN matrix [ Fig. 1(a) ]. The In concentration in the QDs can reach values above 50%. 13 The In concentration in the surrounding matrix has been determined to fluctuate between 15% and 30%. After capping, the InGaN / GaN MQW region has transformed in a GaN matrix with embedded metallic In platelets (Fig. 1) . Almost all In has been consumed out of the MQW structure: The contrast difference between the former InGaN and the GaN is very weak or zero. Voids are not observed. The In platelets are disk shaped, with a diameter varying between 50 and 100 nm, and a height slightly larger than the original QW thickness. High-resolution TEM reveals the structure of metallic In (tetragonal, space group 14/ mmm, a = 0.3251 nm, c = 0.4945 nm) (Fig. 2) ; energy-filtered TEM confirms that these platelets are almost pure In. Near the threading dislocations (TDs), large clusters of metallic In can also be detected. Their thickness can exceed 20 nm. The TD cores and/or the related V-pit defects 14 seem to enhance a clustering of the In atoms.
InGaN / GaN MQWs grown under identical growth conditions, except for a growth interruption of 5 and 10 s, do not show the black-purple color after the p-type capping. No metallic In particles have been detected in these samples. The only effect of the growth interruption is a decrease of the QW thickness (up to 40%). The thinner InGaN layers have the same In concentration and distribution as the QWs in the uncapped sample without growth interruption.
Growth of InGaN at 680°C, without growth interruption, produces LED structures that do not turn black purple during the capping process. Consequently they do not show any noticeable loss of RT-PL intensity and the MQW contribution in the HR-XRD spectrum remains present. Although we did not expect to observe metallic In platelets in this samples, they have been encountered locally. The transformation is definitely not complete like in the samples grown at 660°C. The untransformed regions again show an inhomogeneous In incorporation, the QD density however is noticeably lower than in the sample grown at 660°C. This time, the QDs are mainly located at the bottom of the QWs. The average In concentration in the surrounding matrix lies between 15% and 25%. Specifically, the lower QD density indicates a lower averaged In concentration, which is consistent with a higher evaporation rate at the (slightly) increased growth temperature.
The general properties of the metallic In platelets will be described below. The platelets, studied by high-resolution TEM, have a fixed orientation relation with the GaN matrix: ͑0001͒ GaN ʈ ͑101 គ ͒ In and ͓112 គ 0͔ GaN ʈ ͓111͔ In (Fig. 2) . This is not surprising since the In ͑101 គ ͒ planes have a pseudohexagonal atom configuration. The In/ GaN interface is sharp. For counting the TD density in these samples, avoiding possible blocking and/or bending by the MQW structure, we decided to remove the MQW region by ion milling. This was not directly successful: In some of the samples grown at 680°C, we ended up with a plan-view specimen somewhere in the QW region. The plan-view specimens revealed the In platelets and show dislocation networks (and few other defects) in the direct neighborhood of the platelets (Fig. 3) . These dislocations, lying in the GaN (0001) planes, all have as a Burger's vector 1 / 3͓112 គ 0͔ (or equivalent by symmetry). In cross section specimens, the dislocations can be found near the platelets at the same height, clearly indicating a connection between the diffusion of the In into the metallic platelets and the formation of the dislocations. The decomposition of InGaN into GaN and metallic In clearly is a thermally activated first-order process. The interface between GaN and In is sharp; no In-rich InGaN is found at the edges. Intermediate structures, such as In-rich InGaN regions the size of the In platelets, have not been found either. The presence of dislocations indicates diffusion of In (and Ga). The question of how the metallization process has been triggered is more difficult to answer. The segregation process only occurs within the QWs. Only occasionally are the In platelets larger than the original QWs, proving a low solubility of In in GaN at the growth temperature of the p-type GaN. The possible presence of a liquid In y Ga 1−y alloy has been predicted theoretically. 15 According to these calculations, the liquid phase can already be formed at a temperature above 750°C, indicating that the QW region should not be heated at all. However, under some conditions, the formation of the metallic In platelets can be restricted. The anomaly using the growth interruption indicates that initiation centers are important; the metallic In needs a seed or nucleus to start growing. These nuclei are removed by the growth interruption. It is important to note that the total amount of In in the QWs grown at 660°C is quite high. This can be seen by comparing the volume of the In platelets with the volume of the GaN in the former QWs (Fig. 1) . The samples grown at 680°C have a lower average In concentration and show a much smaller density of In platelets. Therefore, the initiation centers are more likely formed with a higher In concentration in the InGaN. However, the total amount of In, present in the QWs, is not a good measure of the formation probability. This is shown by the fact that the In platelets have not been observed in the samples grown at 660°C with growth interruption.
Considering all experimental information, it is most likely that the initiation centers are some small In droplets. They can be avoided by growing in InN evaporating conditions (high growth temperature and use of a growth interruption). The fact that the growth interruption only affects the top part of the QWs indicates that the proposed In droplets are located at the surface of the QWs. This points to the presence of an In floating layer during the growth of InGaN, in analogy with the presence of an In floating during the growth of InGaAs. 16 Assuming the presence of an In floating layer during the InGaN growth explains all observations. At a higher growth temperature, there is more In evaporation out of the floating layer, resulting in a lower In content in the InGaN QWs and fewer initiation centers at the surface of the QWs. Growth interruption removes the top of the QWs and therefore also the In floating layer. Consequently, the initiation centers for metallic In formation are then also removed.
This work has been performed within the framework of IAP V- 
